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Nomenclature 
 
EDM   Electrical discharge machining 
MRR   Material removal rate (mm3/min) 
P   Fraction of heat input to the workpiece 
V   Voltage (V) 
I  Current (A) 
Q(r)   Heat flux (W/m
2
) 
R   Spark radius (μm) 
r  Radial coordinate 
K   Thermal conductivity (W/mK) 
T   Temperature variable (K) 
T0  Initial temperature (K) 
Ton  Spark-on time (μs) 
Toff  Spark-off time (μs) 
x,y  Cartesian coordinate of workpiece  
Cp  Specific heat (J/kgK) 
Cv  Crater volume (μm
3
) 
NOP  Number of pulse 
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Abstract 
In this growing world of technology, design and manufacturing at the nano and micro level we 
need the things (product, service, design, technology) more accurate and defect free and on the 
same guidelines my thesis revolve around the same concept of advanced and precision 
manufacturing.  Micro-manufacturing are extensively used for precision manufacturing with ease 
and error free. Present  thesis work involve the use of multipurpose micro machine tool to do 
micro-EDM hole production on copper workpiece by using Micro-electric discharge machining, 
Micro-electric discharge machining  is one of the advanced and precision manufacturing 
technology which deals with the micro manufacturing. It is used inproducts of aerospace, 
automobile and biomedical science industries. It can produce very accurate shapes with very 
small burrs much smaller than those produced by drilling and energy-beam processing. These 
parts do not need after-treatment processing such as deburring. It is essential for materials used 
in fuel nozzles, micro sensors, micro capsules, micro motors micro surgical instruments, micro 
robots, micro turbine and micro-moulds to resist wear, high temperature and high pressure micro 
manufacturing parts are widely used in the field of high performance micro machining 
technology. It can easily work on the hardest known substances with great ease and accuracy. It 
is also gaining popularity as a new alternative method to fabricate micro structures as it has low 
set up cost, high accuracy and large design freedom. It can fabricate three dimensional structures 
with great ease compared to etching or other methods with high aspect ratio. In the present 
investigation optimization of micro EDM has been carried by considering process parameters 
like voltage, current and pulse-on time and responses overcut, machining time, circularity error 
and burr size using L4 orthogonal array and design has been optimized by grey based taguchi 
method. FEA modelling of micro EDM process has also been carried out to predict the MRR and 
residual stress for single discharge. Multi-discharge MRR modelling has also been carried out for 
the micro EDM process and results are verified with the experimental investigation. Effects of 
different process parameters have also been studied. 
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1. Introduction 
In the present day scenario the micro products play a crucial role in the field of biomedical, 
nuclear, defence, transportation and space application. The demand of micro products is also 
increases in all industrial applications for the reduction in consumption of energy and protection 
of environment from pollution. There are numbers of methods available for producing micro 
products. The term micro machining defines the process that manufactures products in range of 1 
to 999μm [1]. Whole process of micro machining is divided into two groups (I) Mask-based 
process (II) Tool-based process, which is shown in fig. 1 [2].  
 
Figure 1 Classification of micro-machining 
Micro Electrical discharge machining is a non-traditional concept of machining which has been 
widely used to produce dies and moulds. It is also used for finishing parts for aerospace and 
automotive industry and surgical components. In micro EDM, it is possible to machine feature 
smaller than 5 μm and with Ra value less than 0.1μm [3]. Micro EDM is a thermal process, it 
utilizes spark to erode a conductive material. As there is no contact between tool and workpiece, 
there is no force acting between them. Therefore the process works efficiently, particularly in 
machining of difficult-to-cut materials. The micro-EDM operates on the same principle as that of 
EDM. Micro EDM has wide area of applications like in aerospace, nuclear, industrial, 
automobile, MEMS etc. In Electrical Discharge Machining the electrode is moved downward 
toward the work material until the spark gap (the nearest distance between both electrodes) small 
enough so that the impressed voltage is great enough to ionize the dielectric [4].  
MODELLING OF MICRO EDM IN AEROSPACE MATERIAL 
 
2 
 
Micro Electro Discharge Machining is a market growing processing technology due to the 
industrial interest and the increasing number of applications. The process concept is not very 
different to conventional EDM. This fact makes easier to understand the features that can be 
machined. In spite of this, the process similarities, the process and the applied systems present 
some important differences with respect to conventional EDM. 
Micro-electro-discharge machining (micro- EDM) is an attractive micro fabrication technique 
that can be used to cut any electrically conductive material, including steel, graphite, silicon [5], 
and magnetic materials [6], [7], including permanent magnets [8]. 
The most important difference between micro EDM and EDM (for both wire and die sinking 
EDM) is the dimension of the plasma channel radius that arises during the spark: in conventional 
EDM is much smaller than the electrode but the size is comparable for micro EDM [9].  
Such small electrodes (WEDG can produce electrodes as small as Ø5µm and thin wires can be 
<Ø20 µm) present a limited heat conduction and low mass to dissipate the spark heat. An 
excessive spark energy can produce the wire rupture (or electrode burn in die sinking EDM), 
being the maximum applicable energy limited by this fact.  
Together to the energy effects, the Flushing pressure acting on the electrode varies much with 
respect to the conventional process: the electrode pressure area is smaller but the electrode 
stiffness is lower, making it more ―nervous‖. The debris removal is more difficult because the 
gap is smaller, the dielectric viscosity is high and the pressure drop in micro volumes is higher.  
As it happens in conventional EDM, the higher precision can be achieved only if electrode 
vibrations and wear are contained. This implies an important limitation for conventional EDM 
that turns out to be more restrictive in micro EDM.   
For each discharge, the electrode wear in micro EDM is proportionally higher than conventional 
EDM. The electrode is softened, depending on the section reduction on the spark energy.  For 
thin WEDM, the maximum traction force than can be applied to the wire will depend on the 
effective section and, therefore the traction control must be more accurate than that in 
conventional wires (0.20~0.33 mm) because the wire rupture can arise with fluctuations as small 
as 3~5 grams.  
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In micro EDM, the maximum Peak energy must be limited to control the unit removal rate per 
spark [10, 11] and use small electrodes and wires.  
The balance between productivity, accuracy and spark energy reduction must be considered 
according to the application: 
For high precision applications the energy must be reduced, For higher productivity, the energy 
per pulse must be increased, reducing the feeds (and the wire tension in WEDM). 
Some key aspects to machine with small electrodes can be extracted from the presented ideas 
[10, 11]: 
 -          Control the pulse energy  
-           Control the wire traction force (for WEDM)  
-           Increase the gap stability obtained by the control (avoid discharge fluctuations)  
-           Increase the machine positioning accuracy. 
For micro EDM, the entire machine, the electrodes, the programme, the control, the measuring 
instruments and the operators play an important role in the process [12]. 
The basic principle of micro EDM is same as that of the EDM process. In EDM, a potential 
difference is applied between the tool and workpiece. Both the tool and the work material are to 
be electrically conductive, submerged in dielectric fluid. Generally kerosene or deionized water 
is used as the dielectric medium. The micro EDM system has a servo system with very high 
sensitivity and positional accuracy of ±0.5 μm [13]. Because of such precision it is possible to 
maintain a minimum gap of 1 μm between tool and workpiece [14]. Depending upon the applied 
voltage and the gap between the tool and workpiece, an electric field would be established. The 
voltage applied to them must be enough to create an electric field higher than the dielectric 
rigidity of the fluid used in the process. There is no contact between the workpiece and the 
electrode so there is no mechanical vibration and chattering, electrically conductive material 
irrespective of any hardness can be machined. 
As the electric field is established between the tool and the job, the plasma channel is formed 
between them. The electrical resistance of such plasma channel would be very less. Thus all of a 
sudden, a large number of electrons will flow from the tool to the job and ions from the job to the 
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tool. This is called avalanche motion of electrons. Such movement of electrons and ions can be 
visually seen as a spark. Thus the electrical energy is dissipated as the thermal energy of the 
spark. 
The high speed electrons then impinge on the job and ions on the tool, and create a localized heat 
flux. Such intense localized heat flux leads to extreme instantaneous confined rise in temperature 
which would be in excess of 10,000
o
C. Such localized extreme rise in temperature leads to 
material removal. Material removal occurs due to instant vaporization of the material as well as 
due to melting. The molten metal is not removed completely but only partially. 
As the potential difference is withdrawn the plasma channel is no longer sustained. As the 
plasma channel collapse, it generates pressure or shock waves, which evacuates the molten 
material forming a crater of removed material around the site of the spark. Due to the sudden 
decrease of internal pressure of the gas ball, the dielectric fluid breaks it making the ball to 
implode. As a consequence of this implosion, an ejection of molten metal is carried out and, 
afterwards, this ejected molten material solidifies in the form of little balls formed the so called 
EDM splinter or debris. In case of micro EDM the debris removal is complicated task, although 
some work have been done in this area also but still it is a prominent issue. Richardson et al. [15] 
has given a hydrodynamic flushing method utilizing self-generated bubbles for debris 
entrainment. Richardson et al. [16] has developed a wireless monitoring system to sense the 
debris accumulation. 
Thus to summaries, the material removal in EDM mainly occurs due to formation of shock 
waves as the plasma channel collapse owing to discontinuation of applied potential difference. 
The different electric discharge phases have shown in Fig. 2 [17]. 
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Figure 2 Phase of electrical discharges [17] 
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2. Literature review 
There have been many researches done on the micro EDM. It has been decade‘s researchers 
working on the optimization of micro EDM process parameters and improving the performance. 
Micro EDM also assisted with different techniques to improve certain characteristics.  
The whole review is divided into subgroups for better understanding about the investigations 
done by different investigators: 
2.1 Literature based on different process parameters 
Dielectric fluid:It is a nonconductive liquid that fills between the workpiece and electrode and 
remain nonconductive until needed space and voltage reaches. At that point dielectric fluid 
ionizes, becoming an electrical conductor and cause the current or spark to flow to the 
workpiece. The EDM setup consists of a power supply whose one lead is connected to the 
workpiece immersed in a tank having dielectric coil. The tank is connected to a pump, oil 
reservoir, and a filter system. The pump provides pressure for flushing the work area and moving 
the oil while the filter system removes and traps the debris in the oil. The oil reservoir restores 
the surplus oil and provides a container for draining the oil between the operations. The main 
functions of the dielectric fluid are: 
 To flush the eroded particles produced during machining, from the discharge gap and 
remove the particles from the oil to pass through a filter system. 
 To provide insulation in the gap between the electrode and the workpiece. 
 To cool the section that was heated by the discharge machining. 
The two most commonly used fluids are petroleum based hydrocarbon mineral oils and 
deionized water. The oils should have a high density and a high viscosity. These oils have the 
proper effects of concentrating the discharge channel and discharge energy but they might have a 
difficulty in flushing the discharge products. 
There are so many works has been done using different dielectric fluids like Kerosene, de-
ionized water. De ionized water generally has the advantage that faster metal removal rates can 
be realized. However the surface finish of the material is generally poorer than that which can be 
achieved when using oil [18]. Some powder also can be added to the dielectric to achieve a good 
compromise between higher MRR and lower surface finish. Sic powder of 3-5 μm diameters 
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added to pure water which results in increased MRR [19]. Suspending micro-MoS2 powder of 
grain size 2 μm mixed kerosene, results in increased MRR and reduced surface roughness [20]. 
Dielectric mixed with graphite Nano-powder of 55 nm average particle sizes, has significantly 
improved the surface finish and high MRR with reduced TWR [21]. 
Tool or electrode: The tool material or electrode in a micro EDM process is mostly connected to 
the negative polarity so that less heat would be generated on the tool. The most used tool 
material is tungsten carbide [22, 23]. A LIGA fabricated array of 400 Cu electrodes with 20 μm 
diameter was used to machine through-holes in 50 μm thick stainless steel [24]. Micro electrodes 
are also fabricated by micro EDM grinding, in two steps rod electrodes of copper with diameter 
3.0mm were cut to be 0.15mm on wire-EDM machine then EDM grinding process was used to 
grind micro-electrodes to fine diameter bellow 20μm on a CNC-EDM machine [25]. In the 
development of micro EDM a new phenomenon for making electrodes has been invented in 
which a 0.1mm tungsten electrode with 30–50A discharge current and several hundreds of micro 
seconds duration in single discharge was machined, a needle of 20–40μm in diameter has been 
formed instantaneously [26]. For machining the micro slit die, concave and rectangular shaped 
copper foils were combined piece by piece to form an assembled electrode. This die included15 
micro fins in a small tungsten carbide plate [27]. In batch mode production with the negative 
electrode, 3 × 3 and 4 × 4 tool electrode arrays are EDMed; 6 × 6 and 16 × 16 square holes array 
masks were fabricated in multi electrode arrays [28]. In investigation for obtaining high surface 
finish in the micro-EDM of WC using tungsten (W), copper tungsten (CuW) and silver tungsten 
(AgW) electrodes of 500 μm diameter it has been found that AgW provides better electrical and 
thermal properties, smooth and shiny surfaces compared to other EDM electrodes [29]. 
Fabrication of high aspect ratio silicon micro electrode arrays has been done by micro-wire 
electrical discharge machining. Arrays with 144 electrodes on a 400 μm pitch were machined on 
6 and10 mm thick p-type silicon wafers to a length of 5 and 9 mm, respectively [30]. UV-LIGA 
with the Micro electro-discharge machining process can fabricate high-aspect-ratio electrode 
array, and an easy and rapid process for fabricating ultra-thick SU-8 microstructures up to 
millimetre depth. First, the modified UV-LIGA process was used to fabricate the copper holes 
array, and then the hole array electrode was employed as a tool in the micro-EDM process to 
fabricate the multiple-tipped electrodes. The aspect ratio is up to 17.65 [31]. A novel machining 
technique has been used for micro-EDM that actuates the EDM electrode on an orbital trajectory 
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that is created by a 2-axis flexural micro-EDM head with a range of ±100 μm in both X and Y 
directions [32]. A new type of EDM tool micro electrode fabrication was developed using a 
combination of near UV lithography to directly polymerize a micro mould made of SU-8
TM
 in 
combination with electroplating [33]. Tungsten micro-tools with a diameter ranging from 1 μm 
to 26 μm and aspect ratio ranging from 15 to 20 were obtained in about 30 minutes with a low 
cost and automated technique. This one is based on the electrochemical etching of the tool 
material with a process which has fully been integrated in a milling micro EDM machine [34]. 
Workpiece materials: The only necessary condition for workpiece in micro EDM is that it 
should be electrically conductive. There are many workpiece materials available on which 
different research work have been done like tungsten carbide, hardened steel X210Cr12 [35], 
tool steel P20, brass (Cu Zn 15) and aluminium (Al 5083) [36], stainless steel [37], molybdenum 
[38] etc. Hang et al. [39] studied the machinability of platinum metal by taking latent heat of 
fusion and evaporation into account firstly considering a general electrode wear compensation 
strategy. Pradhan et al. [40] investigated micro EDM for machining of titanium super alloys and 
the process parameters were optimized by Taguchi analysis. In machining of TC4 alloy different 
parameters have been studied and it is found that positive polarity machining is far superior to 
negative polarity machining. It is more optimal when open-circuit voltage, pulse width and pulse 
interval are 130 V, 5 μs and 15 μs respectively on the self-developed multi-axis micro-EDM 
machine tool. When flushing method is applied in micro-EDM, the machining efficiency is 
higher and relative wear of electrode is smaller [41]. Cemented carbide (WC-Co) and austenitic 
stainless steel (SUS 304) are two important materials used extensively in manufacturing because 
of their superior wear and corrosion resistance. The effect of discharge energy and electro-
thermal material properties on the performance during the micro-EDM drilling of the above 
material has also been investigated [4]. 
Pulse generator: In conventional EDM where a static iso-energetic pulse generator uses a 
transistor to switch on/off DC power, provides short pulse-on time because of the long delay 
time for the discharge current to diminish to zero after detecting the occurrence of a discharge 
[42]. To avoid this resistance capacitance (RC) generators are used with a small capacitance of 
less than 1nF. RC generator is mainly applied in conventional micro EDM, although transistor 
type iso-pulse generator is more effective for obtaining higher MRR, with the new transistor type 
iso-pulse generator developed, the pulse duration can be reduced to about 30 ns [43]. Masuzawa 
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and Fujino [44] were the first to study the application of the transistor-type generator in micro-
EDM, and they have obtained a pulse-on time of 220ns. Transistor-type pulse train generator is 
unsuitable for micro EDM due to its low removal rate: 80-ns and 30-ns pulse on-times of 
discharge current can be obtained by using the transistor-type isopulse generator and the removal 
rate of this generator is two or three times higher than that of the traditional RC pulse generator 
[45]. In the study of pulse condition affecting MRR and surface roughness it has been found that 
the voltage and current of the pulse exert strongly to the machining properties and the shorter 
EDM pulse is more efficient to make a precision part with a higher material removal rate, in the 
measurement of the gap between a tool and machined surface, it is increased with an increase of 
voltage and current. But it is inversely proportional to the length of pulse-on time [46]. 
Transistor serves as a switching device but it has some limitations because of this reason an 
alternative needed, MOSFET (Metal Oxide Semiconductor Field Effect Transistor) was found to 
be a suitable alternative [47]. MOSFETs have the advantage of high input impedance and 
absence of thermal runaway and second breakdown as compared to bipolar junction transistors 
[48]. A transistor-controlled power supply composed of a low energy discharge circuit and an 
iso-frequency pulse control circuit can provide the functions of high frequency and lower energy 
pulse control, by this the peak current decreases with an increase in pulse-control frequency with 
a 33.33% duty cycle [49]. 
Polarity: Normally, to obtain higher material removal rates in micro-EDM, the workpiece is 
usually set as the anode and the wire electrode as the cathode (straight polarity machining). This 
is because the discharge energy distributed to the anode is normally greater than that to the 
cathode [50]. The size of the discharge crater under the final finishing conditions with the 
reversed polarity is found about 0.8 μm for tungsten and 1μm for super fine particles [51]. 
Feed mechanism: Feed mechanism is very essential factor to be considered to give micro feed 
to the electrodes; impact drive mechanism [52] and direct drive method [53] were proposed 
based on piezoelectric actuation. Piezoelectric/electrostrictive actuators are widely used in micro 
feeding and ultra-precision positioning, because of their fine resolution, rapid response, high 
generative force, and easy to miniaturization characteristics. Li et al. [54] proposed inchworm 
electrode feed mechanism having features like, high feeding accuracy and quick response to keep 
micro gap between electrode and workpiece during machining process. By integrating the 
transistor type isopulse generator with the servo feed control system, removal rate can be 
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increased by about 24 times than that of the conventional RC pulse generator with a constant 
feed rate in both semi finishing and finishing conditions [44]. The high-frequency response and 
the long working range are realized by the macro/micro-dual-feed spindle, which helps to keep 
the favourable discharge gap and ensure a long working range at the same time [55]. Muralidhara 
et al. [56] proposed a directly coupled piezo actuated tool feed mechanism; the proposed 
approach will be useful for real-time tool feed control providing compensation for tool wear to 
reach the desired depth of micromachining. 
2.2 Literature based on performance improvement 
Since micro EDM is a new machining process, a great deal of research work is being carried out 
to improve the accuracy of the process. The wear of electrode plays a critical role in improving 
the accuracy. The models for MEDM are still in developing stages. The research on micro EDM 
is focused also on the machining processes for electrode production. To find the optimal 
machining parameters is also of a great importance in the batch production. The optimal value of 
the current depends on the electrode size: greater the electrode higher the working and ignition 
current. 
MRR improvement: Material removal phenomenon can be explained in two ways: one is 
vaporization and other is bubble explosion of superheated metal [57]. In bubble explosion 
process there will be increase in MRR due to increase in density. In the ultrasonic vibration 
assisted micro EDM, it has been found that vibration at 60% of the peak power with capacitance 
of 3300 pF gives the best MRR [58] as per the ANOVA analysis. Guha et al. [59] evaluated 
MRRs for copper & beryllium alloys with graphite and copper & tungsten electrodes (negative 
polarity) and copper electrode (positive and negative polarity). MRR was higher when positive 
polarity was used for copper electrodes. For negative polarity the highest MRR were obtained 
with graphite electrodes. Yan et al. [60] observed in their investigation that using negative 
polarity in EDM caused a higher MRR under a higher discharge energy (Ip>3 A or ton>5 ms); in 
contrast, a positive polarity caused a higher MRR under lower discharge energy (Ip<3 A or 
ton<5 ms). Kung et al. [61] studied the MRR and EWR during the conventional powder-mixed 
EDM (PMEDM) of cobalt bonded tungsten carbide (WC–Co) using Al powder of 1.5–2 μm and 
10–20 g/L. There are inherent problems associated with EDM machining process such as thermal 
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damage due to a large heat-affected zone (HAZ), high tool wear rate, low material removal rate, 
high surface roughness and poor dimensional accuracy, etc. [62-65]. 
Improving surface finish: Fong and Chen [66] investigated the effect of additives on surface 
quality of EDMed SKD-11. It has been found that greater the particle size will cause less surface 
finish. Al powder produces the best surface finishing of the machined work. Liu et al. [67] 
combined Micro EDM with high-frequency dither grinding (HFDG) to improve the surface 
roughness of micro-holes. 
Reduced tool wear: The volumetric wear is defined as the ratio between the eroded volumes 
from the workpiece Vpand the volume lost due to the wear occurring on the electrode Ve. Due to 
wear in the electrodes achieving same dimension in repeatedly work is not possible even when 
using uniform wear method(UWM) of tool wear compensation [68] or the real-time wear 
compensation technique [69, 70]. Machining time can be significantly reduced by 40% when 
using the electrode wear compensation method, compared to the uniform wear method [71]. Yu 
et al. [68, 72–73] proposed the uniform wear method based on layer-by-layer machining to 
compensate for the longitudinal tool wear while maintaining the original electrode shape in 
micro-EDM with respect to cylindrical electrodes or electrodes with various sections. Rajurkar 
and Yu [74] presented a method of integrating an existing computer-aided design 
(CAD)/computer aided manufacturing system with the uniform wear method to machine 
complex three-dimensional (3D) micro shapes using simple shaped electrodes. Yu et al. [75] 
presented a theoretical model which accounts for the effect of tool wear for surface profile 
generation during each pass since the uniform wear method involves a time-consuming and 
empirical approach for selecting tool paths and machining parameters. Kozak et al. [76] 
presented two models of electrode shape deformation which take into consideration the effect of 
tool electrode wear. This study showed a good agreement of theoretical and experimental results 
of modelling of the rotary electrical discharge machining process. Pham et al. [36] proposed a 
simple method for volumetric wear ratio estimation in micro-EDM drilling based on geometrical 
information obtained from the machining process. Yeo and Tan [77] proposed drilling method 
that can compensate the tool wear and produce more accurate micro holes as compared to other 
methods. Uhlmann and Roehner [78] have worked on the reduction of wear of tool electrodes by 
using boron doped CVD-diamond (B-CVD) and polycrystalline diamond (PCD). Wang et al. 
[79] proposed a new type of electrode which is made by way of the electro-deposition process on 
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the basis of the difference between the discharging performance of the electrodeposited coating 
and that of the matrix to ensure uniform wear of electrode bottom faces. The results prove that 
Cu-ZrB2 composite coating electrodes have better corrosion resistance than pure copper 
electrodes.For reducing wear some coatings are also being applied on the electrode, Nano 
crystallinecoatings exhibited smaller discharge craters compared to those for microcrystalline 
diamondcoatings, and microcrystalline coating showed melted material around the discharge 
crater [80].PCD and B-CVD diamond as tool electrode materials for micro-die sinking EDM 
showed goodresults with respect to wear and process behaviour under process conditions of 
micro-EDM [79]. 
High aspect ratio: High aspect ratio micro fabrication is desired for producing practical micro 
components. By combining LIGA and Micro EDM the high aspect ratio microstructure can be 
produced [81]. Li et al. [55] with inch worm type of micro feed mechanism was able to obtain 
Micro electrode rod as small as 25 μm and micro holes with minimum size of less than 50 μm. 
The maximum aspect ratios of micro electrode rods and micro holes exceed 20 and 10 
respectively. To machine micro holes with higher aspect ratio, the technique shaping an 
electrode rod with circular cross-section into one with non-circular cross-section is a feasible 
method [82]. WEDM can produce micro parts in a variety of conductive materials with aspect 
ratios up to 100 [83]. Cao et al. [84] demonstrated the replication of high-aspect-ratio micro scale 
structures in Al and Cu by compression molding with such surface-engineered Ta mould inserts. 
2.3 Literatures on hybrid micro EDM 
Micro EDM assisted with different techniques can improve the performance significantly. 
Introduction of ultrasonic vibration causes phenomena such as acoustic streaming and results in 
better debris removal [85]. Masuzawa et al. introduced tool withdrawal and 2D vibration 
(sinusoidal motion of tool) to an EDM process for machining deep holes to increase the flushing 
effect [86, 87]. Introduction of ultrasonic vibration in micro EDM has been reported to improve 
the process performance [85, 88-90]. Gao and liu [91] also introduces ultrasonic vibration but in 
this it was given to the workpiece. Takahata et al. [92] combined micro EDM and LIGA 
technique, to fabricate high-aspect-ratio WC-Co micro structure having high resistance to 
buckling and wear when used as mechanical components or tools. Kuo et al. [93] integrated 
Micro-EDM (micro electro-discharge machining) with Nd-YAG laser as a novel process for 
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precise micro assembly. Yan et al. [23] combined micro EDM (MEDM) and micro ultrasonic 
vibration machining (MUSM). Yan et al. [90] developed three key techniques, (i) development 
of an open architecture CNC system with sub micro-meter resolution of a two-axis linear motor 
stage, (ii) development of a wire transport system and (iii) development of a power supply 
system, for a prototype CNC micro-wire EDM machine. Beltrami et al. [94] have developed a 
very precise EDM machine called Delta3 at EPFL and connected to a new generation EDM-
generator from AGIE. It has a working volume of 8mm × 8mm × 8 mm, a high resolution (5 nm) 
and a high bandwidth dynamic (600 Hz). Guo et al. [95] developed two key components 
techniques for a CNC micro-EDM machine. Firstly, to achieve the motion control requirement of 
high precision, high sensitivity and hard real-time an open architecture CNC system is developed 
with sub micro-meter resolution of a 3axis linear motor stage. Secondly to deal with the 
difficulties in micro electrodes on-line fabrication and compensation, a machine vision system is 
developed with a resolution of 1.61 μm and a magnification is 113~729. Chern et al. [96] 
described the development of a novel micro-punching machine that is capable of producing 
precision micro-holes. By applying the vibration machining technique, efficiency of micro-EDM 
is enhanced, which is evident in the reduction of machining time and in the improved roundness 
of the die opening and the drilled micro-holes. Sundaram et al. [58] investigated the optimization 
of machining parameters on the MRR and tool wear in ultrasonic assisted micro EDM, with the 
help of Taguchi method. Yang et al. [97] combined micro EDM with LIGA to manufacture high 
aspect ratio electrode arrays. Yu et al. [98] presented a new method of drilling high aspect ratio 
micro-holes by EDM, in which the planetary movement of an electrode, with enhancement from 
ultrasonic vibration, provides an unevenly distributed gap for the debris and bubbles to escape 
from the discharge zone easily. Zilong et al. [99] investigated a new micromachining method for 
the fabrication of micro-metal structures by using micro-reversible electrical discharge 
machining. Lin et al. [100] proposed a technique to fabricate micro ball joint and bearings by 
micro-EDM and electroforming. 
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3 Modelling of micro EDM 
In this study firstly one ANSYS model have been developed taking Shankar et al [101] as 
referencefor EDM process, after matching results it is converted into a micro EDM model and in 
additionto 5 Cr die steel [101] thermal models for Inconel 718 and Titanium 15 also have been 
developed. Results from thermal analysis have been used for calculating and comparing MRR 
and also tostudy the effect of different process parameters on temperature isotherms. 
3.1 Thermal models of EDM and Micro-EDM 
The principle of working for EDM and Micro EDM are same, the material is removed due 
tomelting and vaporization caused by repetitive sparks between tool and workpiece. The 
followingassumptions can be made: 
3.1.1 Assumptions 
• The domain was axisymmetric. 
• The material properties of the workpiece were temperature independent. 
• The analysis is done for single spark. 
• The ambient temperature was room temperature. 
• The workpiece material was isotropic and homogenous. 
3.1.2 Governing equation 
The governing equation of the heat conduction in axisymmetric model is given by 
 
Where ρ is density, Cp is specific heat, K thermal conductivity of the workpiece, T is the 
temperature, t is the time and r & z are coordinates of the workpiece. 
3.1.3 Heat distribution 
Many authors have assumed a uniform disc source [102-105] for EDM. However Di Bitonto et 
al. [106-108] and Bhattacharya [109] have shown Gaussian heat distribution is more realistic 
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andaccurate than disc heat source. In present study Gaussian heat distribution is considered. The 
Fig.3 shows a schematic diagram of thermal model with the applied boundary conditions. 
3.1.4 Boundary conditions 
 
Figure 3An axisymmetric model for the EDM process simulation 
On the top surface the heat is transferred to the workpiece shown by Gaussian hat flux 
distribution. Heat flux is applied on boundary 1 up to spark radius R, beyond R convection takes 
place due to dielectric fluids. As 2 & 3 are far from the spark location and also very short spark 
on time no heat transfer conditions have been assumed for them. For boundary 4, as it is axis of 
symmetry the heat flux is taken as zero.  
In mathematical terms, the applied boundary conditions are given as follows: 
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where hf is heat transfer coefficient of dielectric fluid, Q(r) is heat flux due to the spark, T0 is the 
initial temperature and T is the temperature. 
3.1.5 Material properties 
The thermal properties and chemical composition of 5 Cr die steel, Inconel 718 and Titanium 15 
are given in table 1, 2 and 3 respectively. 
Table 1 Chemical composition and thermal properties of 5 Cr die steel 
 
Table 2 Chemical composition and thermal properties of Inconel 718 
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Table 3 Chemical composition and thermal properties of Titanium 15 
 
3.1.6 Heat flux 
A Gaussian heat flux distribution is assumed in present analysis. 
 
where P is energy portion to the workpiece, V is the discharge voltage, I is current and R is spark 
radius. 
Value of P mainly depends upon the material properties of the electrode. Value of P 
determinedby yadav et al. [110] to be 0.08 for their work of conventional EDM. Shankar et al. 
[101] havecalculated value of P about 0.4-0.5, using water as dielectric. The relevant values of 
processparameters used in this study are given in table.Spark on time, for the micro EDM 
process, of 2μs is divided into 10 sub steps, with initialcondition set to room temperature. 
Temperature distribution during single spark has beencalculated using ANSYS 12.0, and element 
those having temperature above the meltingtemperature were ―killed‖ for calculation of MRR. 
3.1.7 Modelling procedure using ANSYS 
EDM is a complicated process that requires a powerful tool to simulate the process. In present 
analysis the simulation has been done on ANSYS 12.0 multi-physics. Analysis of any complex 
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geometry can be easily done using ANSYS. It has many finite element analysis capabilities, 
ranging from a simple, linear, static analysis to a complex, nonlinear, transient dynamic analysis 
in the fields such as structural mechanics, thermal systems, fluid mechanics, and 
electromagnetic. 
For EDM analysis the geometry size taken as 500 μm × 500 μm, with a element size of 10 μm. 
The process parameters used for EDM simulation are given in table 4. The following procedures 
have been followed. After EDM modelling the work is expanded for the micro EDM with 
different parameter setting as given in table 4. 
Step 1: Start ANSYS 12.0. 
Step 2: Units: S.I. 
Step 3: Analysis method: Thermal, h method 
Step 4: Problem domain: In this step, the geometry of the problem is created using ANSYS. 
Two-dimensional workpiece geometry is created. However, the domain is axisymmetric about 
yaxis, dimensions of the workpiece domain are 500 μm × 500 μm and meshing is done with 
element size of 10 μm for EDM simulation. For micro EDM process workpiece domain taken as 
100 μm × 20 μm, with element size of 1 μm. 
Step 5: Choice of element: Two-dimensional, 4 Node Quadrilateral Element (thermal solid plane 
55). 
Step 6: Define material properties. 
Step 7: Apply loads as per the given boundary conditions. 
Step 8: Solve the current load step to get the result. 
Step 9: Plot the required results from the obtained results. 
Step 10: Finish. 
3.2 MRR modelling of micro EDM for single discharge 
To calculate the MRR the cavity volume was divided into number of cylindrical disc. 
Thecoordinates of node boundary, generated by ANSYS, are used to calculate crater volume. 
Thespark-off time is 200 µs. 
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Total crater volume Cvgiven by, 
 
Where Vi is the volume of disc, given by, 
             
             
            
  
  
Where x and y are the coordinates of the node and n is number of nodes. 
The MRR (mm
3
/min) is computed by, 
3.3 MRR calculation of micro EDM for multi-discharge 
For multi-discharge analysis firstly we have to found out the number of pulses. 
    
          
          
 
 
Figure 4 Crater volume calculation 
MODELLING OF MICRO EDM IN AEROSPACE MATERIAL 
 
20 
 
(MRR)multi-discharge =NOP (MRR)single-discharge 
 
3.4 Residual Stress Analysis 
Residual stresses or locked-in stresses can be defined as those stresses existingwithin a body in 
the absence of external loading or thermal gradients. In other words residualstresses in a 
structural material or component are those stresses which exist in the object withoutthe 
application of any service or other external loads Residual stresses are known to influence 
amaterial‘s mechanical properties such as creep or fatigue life. Sometimes, the effect 
onproperties is beneficial; other times, the effect is very deleterious. Therefore, it is important to 
beable to monitor and control the residual stresses. Allen et al. [38] presented process simulation 
andresidual stress analysis for the micro-EDM machining on molybdenum. Material removal 
isanalysed using a thermo-numerical model, which simulates a single spark discharge process. 
Using the numerical model, the effects of important EDM parameters such as the pulse 
durationon the crater dimension and the tool wear percentage were studied. Das et al. [111] 
presented afinite element-based model for the electric discharge machining (EDM) process. The 
model usesprocess parameters such as power input, pulse duration, etc., to predict the transient 
temperaturedistribution, liquid- and solid-state material transformation, and residual stresses that 
are inducedin the workpiece as a result of a single-pulse discharge. 
3.4.1 Coupled thermal-structural finite element simulation of the micro-EDM 
process 
Material is removed due to thermal action of the micro EDM process hence residual stresses 
aredeveloped in the workpiece affecting its surface integrity. Small surface cracks and 
stresscorrosion cracking may appear as a result, which will reduce the fatigue life and 
corrosionperformance of the components. 
To determine the induced stress in the workpiece, a time dependent temperature profile due to 
aspark discharge has to be determined first using a transient thermal analysis. A 
sequentiallycoupled thermal-structural analysis is performed using the ANSYS 12.0.An 
axisymmetric modelis employed with element type ‗Plane 55‘ for the thermal analysis and 
‗Plane 42‘ for thestructural analysis shown in fig. 3. 
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For structural analysis we are keeping displacement at boundary 3 and 4 to 0 for all degree 
offreedom. Fig. 5 shows flow chart for the procedure used to obtain the thermal and residual 
stresses. 
 
 
 
Figure 5 Flow chart for the procedure used to obtain the thermal and residual stresses 
 
 
3.4.2 Modelling procedure using ANSYS 
EDM is a complicated process that requires a powerful tool to simulate the process. In present 
analysis the simulation has been done on ANSYS 12.0 multi-physics. Analysis of any complex 
geometry can be easily done using ANSYS. It has many finite element analysis capabilities, 
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ranging from a simple, linear, static analysis to a complex, nonlinear, transient dynamic analysis 
in the fields such as structural mechanics, thermal systems, fluid mechanics, and 
electromagnetic. 
For micro EDM analysis the geometry size taken as 100 μm × 20 μm, with an element size of 1 
μm. The following procedures have been followed for coupled analysis. 
Step 1: Start ANSYS 12.0. 
Step 2: Units: S.I. 
Step 3: Analysis method: Thermal, h method 
Step 4: Problem domain: In this step, the geometry of the problem is created using ANSYS. 
Two-dimensional workpiece geometry is created. However, the domain is axisymmetric about Y 
axis, dimensions of the workpiece domain are 100 μm × 20 μm and meshing is done with 
element size of 1 μm for micro EDM simulation. 
Step 5: Choice of element: Two-dimensional, 4 Noded Quadrilateral Element (thermal solid 
plane 55). 
Step 6: Define material properties. 
Step 7: Apply loads as per the given boundary conditions. 
Step 8: Solve the current load step to get the result. 
Step 9: Kill element above melting temperature of workpiece. 
Step 10: Switch to structural analysis. 
Step 11: Apply structural boundary conditions. 
Step 12: Transfer thermal load data to structural problem. 
Step 13: Plot the required results from the obtained results. 
Step 14: Finish. 
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4 Experimental Details 
 L4 orthogonal array has been adopted to design the experiment. The experimental design 
has 2 level and 3 factors. 
 Process parameters have been optimized by Grey-based Taguchi method. 
 Experiment has been performed on AGIE 250c.  
 Optical microscope has been used to capture the images of drilled hole. 
 Dimensions of the holes were measured by using Calipro software.  
 Modeling of micro EDM processes were performed by ANSYS 12.0, parameter has been 
optimized by L9 OA. 
Figure 6 AGIE 250c 
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4.1 Specifications of AGIE250c 
 
Dielectric used EDM30 
Resolution 0.001mm 
Max. workpiece size 100×700×320mm 
Max. travel 700×500×500mm 
Manufacture AGIE, Switzerland 
 
Table 4 Process parameters used for experiment 
Parameters Units Value 
Voltage V 2, 6 
Current I 3, 5 
Pulse-on time µs 2, 4 
 
Table 5 Taguchi’s L4 orthogonal array 
S. No. Voltage (V) Current 
(A) 
Ton  (µs) 
1 2 3 2 
2 2 5 4 
3 6 3 4 
4 6 5 2 
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Figure 7 Test specimen 
The Figure 6 shows the Inconel test specimen with dimensions of 29.4 × 29.4mm and thickness 
of 0.95mm. The holes were drilled with different parameter setting as given in Table 5, 
numbered as 1, 2, 3 and 4. The workpiece were examined under optical microscope with zoom 
level of 45× and under SEM with zoom level of 200×. Different performance characteristics 
were examined. 
4.2 Taguchi method 
Taguchi‘s philosophy is an efficient tool for the design of high quality manufacturing system; it 
is based on OA experiments, which provides much-reduced variance for the experiment with 
optimum setting of process control parameters. Taguchi method uses a statistical measure of 
performance called signal-to-noise ratio. The S/N ratio takes both the mean and the variability 
into account. The S/N ratio is the ratio of the mean (signal) to the standard deviation (noise). The 
standard S/N ratios generally used are as follows: Nominal is best (NB), lower the better (LB) 
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and higher the better (HB). The optimal setting is the parameter combination, which has the 
highest S/N ratio. 
In this analysis we deal with the analysis of the experiment by the Taguchi methodology, 
Taguchi analysis consists of the orthogonal arrays. L4 and L9 orthogonal arrays (OA) have been 
usedto determine the importance of the factors or the parameters. 
For the experimental work our main responses are: 
 Machining time  
 Circularity error 
 Burr size 
 Overcut  
For optimization of FEA model our main responses are: 
 MRR 
 Residual stress 
4.3 Grey relational analysis 
Taguchi alone cannot solve multi-objective problems. Grey relational analysis is used to convert 
a multi-objective problem into a single objective problem.  
Step 1. In Grey relational analysis firstly the experimental data i.e., measured quantity 
characteristics are normalized ranging from zero to one. This process is called as Grey 
relational generation. Depending upon the criteria objective function may be Lower-the-
Better, Higher-the-Better or Nominal-is-Best. 
 
For Lower-the-Better 
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where Xi(k)= Value after Grey relational generation  
Min Yi(k)= minimum of Yi(k) for k
th
 Response  
Max Yi(k)= maximum of Yi(k) for k
th
 Response  
 
Step 2. Calculation of Grey relation Co-efficient 
 
where Δ0i(k) = |x0(k) - xi(k)| = Difference between absolute Values of x0(k) and xi(k) 
Step 3. After taking average of  the Grey relational coefficients, the Grey relational 
gradecan be calculated as: 
 
 
Process parameters used for modelling the micro EDM process has been shown in Table 6. For 
the optimization of ANSYS model parameter setting has been shown in Table 7. 
 
 
 
 
 
 
 
 
For Higher-the-Better 
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Table 6 Process parameters used for modelling (Micro EDM) 
PARAMETERS Micro EDM (LEVELS) 
Voltage 20V 25V 30V 
Current 1.5A 3A 5A 
Heat input to the workpiece .08 0.15 0.2 
Spark radius  5µm 
Pulse-on time 2µs 
Pulse-off time 100µs 
Table 7 Taguchi L9 Array of process parameters for Micro EDM 
S. No. VOLTAGE CURRENT HEAT INPUT 
1 20 1.5 0.08  
2 20 3.0 0.15  
3 20 5.0 0.20  
4 25 1.5 0.15  
5 25 3.0 0.20  
6 25 5.0 0.08  
7 30 1.5 0.20  
8 30 3.0 0.08  
9 30 5.0 0.15  
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5. Results and discussion 
5.1. Optimization of micro EDM 
Four holes were drilled according to design shown in Table 5 with process parameter setting as 
shown in Table 4. From the four holes one can see the white colours disturbances around the 
circumference of the holes produced and that white coloured disturbance is nothing but the hard 
layer which is called as the recast layer which always formed around the micro-EDMed holes. 
Recast layer is defined as a layer forms on the workpiece surface defined as a recast layer after 
solidification. Moulds and dies desire to remove the RCL even though it is hard and has good 
matrix adherence. This is formed due to sparks whose thermal energy melts the metal and then 
that melted metal undergoes rapid quenching to form recast layer. 
The main responses in present analysis are machining time, burr size, overcut, and circularity 
error. The optimization criteria for all the response are Lower-the-Better. 
 
 
 
(A)   (B)       (C)    (D) 
 
Figure 8 Drilled micro holes on Inconel 718 with different parameter settings 
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Figure 9 SEM image of micro hole at V = 2V, I= 3A and Ton = 2µs 
Figure 10 SEM image of micro hole at V = 2V, I= 5A and Ton = 4µs 
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Table 8 Experimental data 
 
  
 
 
Figure 11 SEM image of micro hole at V = 6V, I= 3A and Ton = 4µs 
Figure 12 SEM image of micro hole at V = 6V, I= 5A and Ton = 2µs 
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Table 9 Grey relational generation 
Machining time 
(min) 
Overcut 
(µm) 
Circularity 
(µm) 
Burr size 
(µm) 
0 1 0 0.654 
0.5323 0.6166 1 0.6298 
1 0.5270 0.1457 1 
0.9354 0 0.3589 0 
 
Table 10 Grey relational coefficient of each performance characteristics (with ψ=0.5) 
Machining time 
(min) 
Overcut 
(µm) 
Circularity 
(µm) 
Burr size 
(µm) 
Overall grey 
coeff. 
0.3333 1 .3333 0.5910 0.5644 
0.5167 0.5660 1 0.5746 0.6643 
1 0.5139 0.3692 1 0.7208 
0.8856 0.3333 0.4382 0.3333 0.4976 
Table 11 Response table (mean) for overall Grey relational grade 
Parameters Levels Delta  
 1 2  
Voltage 0.6144 0.6092 .0052 
Current 0.6426 0.5809 0.0617 
Pulse-on time 0.531 0.6926 0.1616 
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Figure 13S/N ratio plot for overall grey relational grade 
 
Figure 14 Main effect plots 
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Figure 15 Interaction plot 
5.2 ANSYS model validation 
Firstly we have developed a model of EDM process for 5 Cr die steel with parameter setting 
asgiven in Table 12. Later the value has been compared with Shankar et al [p8]. Fig. 12 shows 
the plotfor EDM process done for the 5 Cr die steel. As element size is 10 μm so we are getting 
adistance of 40 μm at node 6 as shown in Fig. 3, the temperature at node 6 is coming 
2942K,which is approximately same as given by Shankar et al [8]. So we can say that we are 
proceedingin right way. Further in the analysis the EDM problem is extended to the micro EDM. 
For micro EDM the parameter setting is given in Table 6. 
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Table 12 EDM process parameters 
Parameters  Units Value 
Discharge voltage  V 28 
Current A 6.5 
Percentage of heat input to the workpiece  0.42 
Spark radius µm 115 
Pulse-on time µs 60 
Heat transfer coefficient  W/m
2
k 10,000 
 
 
 
Figure 16 Nodal temperature distribution in 5 Cr die steel for EDM process 
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5.3 MRR modelling of micro EDM for single discharge 
After validating the model MRR for micro EDM process, with different process parameter 
setting as given in Table 7, have been calculated. 
 
 
Figure 17 Temperature distribution in Inconel 718 with V=20V, I=1.5A and P=0.08 
 
Figure 18 Temperature distribution in Inconel 718 with V=20V, I=3A and P=0.15 
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Figure 19 Temperature distribution in Inconel 718 with V=20V, I=5A and P=0.20 
 
Figure 20 Temperature distribution in Inconel 718 with V=25V, I=1.5A and P=0.15 
 
Figure 21 Temperature distribution in Inconel 718 with V=25V, I=3A and P=0.20 
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Figure 22 Temperature distribution in Inconel 718 with V=25V, I=5A and P=0.08 
 
 
Figure 23 Temperature distribution in Inconel 718 with V=30V, I=1.5A and P=0.20 
 
 
Figure 24 Temperature distribution in Inconel 718 with V=30V, I=3A and P=0.08 
 
 
 
MODELLING OF MICRO EDM IN AEROSPACE MATERIAL 
 
39 
 
 
Figure 25 Temperature distribution in Inconel 718 with V=30V, I=5A and P=0.15 
After getting the temperature distribution for different process parameters, the elements whose 
temperature rose above the melting point using ―KILL‖ element. 
5.4 Residual stress analysis 
Electrical discharge machining causes thermally induced residual tensile stress to form in the top 
layer of a machined surface.The state of residual stress influences the fatigue behaviour, 
dimensional stability and possible stress corrosion of a machined component. 
Residual stresses are self-equilibrating stresses that exist in a body if all external loads are 
removed.They occur when a body is subjected to non-uniform plastic deformations or changes of 
specific volume. 
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Figure 26 Residual stress distribution in Inconel 718 with V=20V, I=1.5A and P=0.08 
 
Figure 27 . Residual stress distribution in Inconel 718 with V=20V, I=3A and P=0.15 
 
Figure 28 Residual stress distribution in Inconel 718 with V=20V, I=5A and P=0.2 
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Figure 29 Residual stress distribution in Inconel 718 with V=25V, I=1.5A and P=0.15 
 
Figure 30 Residual stress distribution in Inconel 718 with V=25V, I=3A and P=0.2 
 
Figure 31 Residual stress distribution in Inconel 718 with V=25V, I=5A and P=0.08 
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Figure 32 Residual stress distribution in Inconel 718 with V=30V, I=1.5A and P=0.2 
 
Figure 33 Residual stress distribution in Inconel 718 with V=30V, I=3A and P=0.08 
 
Figure 34 Residual stress distribution in Inconel 718 with V=30V, I=5A and P=0.15 
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5.5 Optimization of model for micro EDM process 
The modelling of micro EDM process has been done using ANSYS 12.0. The main responses for 
the model are MRR and residual stress, for MRR Higher-the-Better and for residual stress lower-
the-Better criteria is to be adopted. 
Table 13 Experimental data obtain from model of micro EDM 
S. No. VOLTAGE CURRENT HEAT 
INPUT 
MRR 
(mm
3
/min) 
Residual stress 
(GPa) 
1 20 1.5 0.08  138599.412 2.61 
2 20 3.0 0.15  413950.588 3.14 
3 20 5.0 0.20  755830 2.17 
4 25 1.5 0.15  306767.059 2.17 
5 25 3.0 0.20  632014.118 2.93 
6 25 5.0 0.08  521134.118 1.97 
7 30 1.5 0.20  413950.588 3.14 
8 30 3.0 0.08  401014.706 2.51 
9 30 5.0 0.15  838990 2.44 
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Table 14 Grey relational generation and Grey relational coefficient of each performance 
characteristics (with ψ=0.5) 
S. No. MRR(Grey 
relation 
generation) 
R. Stress 
(Grey relation 
generation) 
MRR (Grey 
relational 
coefficient 
, ψ = 0.5) 
R. Stress 
(Grey 
relational 
coefficient 
, ψ = 0.5) 
Overall grade   
1 0 0.453 0.33 0.478 0.404 
2 0.393 0 0.452 0.333 0.3925 
3 0.881 0.829 0.808 0.745 0.7765 
4 0.24 0.829 0.397 0.745 0.571 
5 0.704 0.179 0.628 0.379 0.5035 
6 0.546 1 0.524 1 0.762 
7 0.393 0 0.452 0.333 0.3925 
8 0.375 0.538 0.444 0.520 0.482 
9 1 0.598 1 0.554 0.777 
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Table 15 Response table (mean) for overall Grey relational grade 
Factors Grey relation grade 
Level 1 Level 2 Level 3 Delta 
Voltage 0.5243 0.6122 0.5505 0.0262 
Current 0.4558 0.4593 0.7718 0.5160 
Heat input 0.5493 0.5802 0.5575 0.0309 
 
 
 
Figure 35 S/N ratio plot For Overall Grey Relational Grade 
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5.6 MRR modeling for multi-discharge experiment 
With the parameter setting V=2Vm I=3A and Ton = 2µs one ANSYS model has been shown in 
Figure 32. 
 
Figure 36 Bowl shaped crater cavity at V=2V, I=3A and Ton =2µs 
5.6.1 Calculation of MRR 
A thermal model has been created with element size of 0.5µm element size and 100×20 µm 
workpiece domain, after applying heat flux (with V=2V, I=3A and Ton = 2µs ), and convection 
force, melted elements were killed and final geometry is as shown in figure 37. 
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To find out the MRR the element model has been divided into cylindrical disc and volume of 
disc is given by: 
 
Vi =  π × (1-0)
2
 × 0.5 
 = 1.57 µm
3
 
Cv = 1.57 µm
3
 
MRR for single discharge is given by: 
 
MRR = 4.66×10
-4
 
For multi-discharge (Tmachining = 1min) 
 
Figure 37 Live element after application of heat flux 
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(        )
 
NOP = 297029.703 
(MRR)multi-discharge =NOP (MRR)single-discharge 
(MRR)multi-discharge =138.416 mm
3
/min 
From experiment MRR = (initial weight-final weight)/machining time 
 
             
    
     
    = 102.442 mm
3
/min 
%Error = 25.98. 
5.7 Effect of different process parameters 
5.7.1 Effect of current 
Fig. 38 and 39 shows the effect of current along the radius of the workpiece and along the 
depthrespectively. 
From the graph trend shown in Fig. 38 it can be observed that top surface temperature goes 
onincreasing as we increasing the current. This is because; the heat flux equation is 
directlyproportional to the current. Larger the current, larger the heat input hence higher the 
temperature. 
It can be also observed that the temperature distribution follows the Gaussian 
distribution.Considerable temperature gradient along the radial direction can be seen up to 8 μm. 
The temperature variations along the depth of workpiece are shown in Fig. 39. It can be 
observedthat the maximum temperature is found at the top surface and decreases as we 
proceeddownward. No considerable variation in temperature is observed after a depth of 6 μm. 
5.7.2 Effect of pulse duration 
The effects of variation in pulse duration on surface temperature distribution are shown in Fig. 
40 and 41. From the graph trend shown in Fig. 40 it can be observed that top surface 
temperaturegoes on increasing as we increasing the pulse duration. This is obvious that increase 
in pulseduration will increase the heat input hence increase the temperature. The temperature is 
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verymuch higher at the point of spark. Considerable temperature gradient along the radial 
directioncan be seen up to 8 μm. 
 
 
 
 
Figure 38 The effect of current on the temperature distribution along the radial 
direction from the centerline for micro EDM at P = 0.08, Ton = 2 μs, V = 20 V. 
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The temperature variations along the depth of workpiece are shown in Fig. 41. It can be observed 
that the maximum temperature is found at the top surface and decreases as we proceed 
downward. No considerable variation in temperature is observed after a depth of 8μm, because 
of the convection caused by the dielectric fluid. 
 
 
Figure 39 The effect of current on the temperature distribution along the depth of 
workpieceat the centerline for micro EDM at P = 0.08, Ton = 2 μs, V = 20 V. 
MODELLING OF MICRO EDM IN AEROSPACE MATERIAL 
 
51 
 
 
Figure 40 The effect of pulse duration on the temperature distribution along the 
radialdirection from the centerline for micro EDM at P = 0.08, I = 1.5 A, V = 20 V. 
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5.7.3 Effect of heat input to the workpiece 
The effect of variation of heat input to the workpiece along the radius and depth are shown inFig. 
42 and 43. From both figures, it can be observed that higher surface temperature is attainedat 
high value of energy portion. 
Figure 41 The effect of pulse duration on the temperature distribution along the 
depth of workpiece at the centerline for micro EDM at P = 0.08, I = 1.5 A, V = 20 V. 
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Figure 42The effect of heat input to the workpiece on the temperature distribution 
along the radial direction from the centerline for micro EDM at I = 1.5 A, Ton = 2 μs, 
V = 20V 
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Figure 43 The effect of heat input to the workpiece on the temperature distribution 
along the depth of workpiece at the centerline for micro EDM at I = 1.5 A, Ton = 2 
μs, V = 20 V. 
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6 Conclusions 
 For Micro EDM Experiment 
• From the S/N ratio plot the optimum parameter settings are V1I1Ton2, ie.  V = 2V, I = 3A 
and Ton = 4µs. 
• It can also observed that Ton is the most prominent factor affecting the responses. 
 For ANSYS Model For EDM Extended To Micro EDM 
• Firstly EDM simulation for 5 Cr die steel has been performed then it is extended for the 
micro EDM process, for single pulse, on different workpiece materials. The effects of 
different process parameters have also been studied. For micro EDM process MRR also 
have been calculated for Inconel 718 and Titanium 15. 
• From the MRR analysis it has been found that Inconel 718 gives a much higher MRR 
compare to Titanium 15. 
• It can also be observed from the graphs that current is most prominent factor, having 
significant effect on heat flux. 
• Optimum parameter setting is Voltage = 15 V, Current = 5A and heat input to the 
workpiece = 0.15.  
 For FEA Modelling of Multi-discharge Micro EDM 
• For multi-discharge error in MRR found to be about 25.98%. 
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